In order to study the effect of insulin and epidermal growth factor (EGF) on glycolysis in quiescent 3T3 fibroblasts and their mechanisms of action ,l actic acid produced by cells and activities of key glycolytic enzymes in cell extracts were determined. Insulin increased lactic acid production ; the maximal stimulation occurred at the concentrations above 250 ng/ml and the halfmaximal dose was 50 ng/ml. This effect of insulin appeared as early as one hour, and lactic acid production in the presence of insulin linearly increased up to 4 h. The 24-h pretreatment with insulin exhibited no significant effect on the production by cells afterward incubated either with or without insulin . Lactic acid production decreased as the concentration of phloridzin increased . However, insulin stimulation of the production still remained in the presence of phloridzin.
Enhanced glycolytic flow through an activation of phosphofructokinase (PFK) was observed in virus-transformed 3T3 fibroblasts which exhibited rapid cell multiplication (Rozengurt et al., 1977) . Moreover, stimulation of lactic acid production (Diamond et al., 1978) and increase in the activity of PFK (Schneider, Diamond and Rozengurt, 1978) occurred shortly after the addition of such a growth stimulant as serum, epidermal growth factor (EGF) or insulin to quiescent cultures of ;tintransformed 3T3 cells. These results appear to favor the hypothesis that glycolysis in 3T3 fibroblasts is increased by PFK activation both after transformation and after the addition of a growth stimulant. In contrast to this, Peterkofsky and Prather (1982) described how increased glycolysis in a series of BALB 3T3-derived cell lines was always correlated with in-creased glucose uptake, but not with tumorigenicity.
With chick embryo fibroblasts, there have also been confusing observations on the mechanism of the stimulation of glycolysis. An activation of PFK after the addition of serum or after an increase in the pH of the medium in quiescent cultures of chick cells (Fodge and Rubin, 1973) and after virus-transformation (Singh et al., 1974) were reported in literature.
On the other hand, Bissell (1973 Bissell ( , 1976 and Kletzien and Perdue (1974) demonstrated that the rate of glucose uptake was the rate-limiting factor in glycolysis for cells in culture after transformation.
Many investigations were carried out under common conditions where cultured cells were transformed or proliferating after the addition of growth stimulants, and there were few experiments where cells were firmly arrested. This study was undertaken using quiescent cultures of untransformed 3T3 fibroblasts to examine the effects of insulin and EGF on glycolysis and the mechanisms of their actions. In this paper, we report the finding that the stimulated glycolysis in quiescent cells was probably due to increased glucose entry, and also that activities of key glycolytic enzymes remained unaltered under these conditions. Measurement of lactic acid production After cells were inoculated in 60-mm dishes, the growth medium was changed twice at an interval of 2 days. The confluent, density-inhibited cultures of cells (approximately 2-3 x 106 cells/60-mm dish) were used 4-6 days after the second medium change for experiments on lactic acid production.
To ensure that the cells would be arrested, the conditioned medium in which the cells were growing was diluted with serum-free DMEM to give a final serum concentration of 0.5% 20-30 h before experiments. In this procedure, insulin was added to the diluted conditioned medium in some experiments (insulin-pretreated in a final volume of 1 ml. One unit of activity is defined as the amount of the enzyme that catalyzes the formation of 1 pmol of the product per min.
Insulin degradation Degradation of insulin was determined by the method of Olefsky and Reaven (1974) .
Statistical analysis
Student's unpaired t-test was used for statistical analysis.
Results
Effects of insulin and EGF on lactic acid production by confluent and serum-starved 3T3 fibroblasts.
When serum-starved fibroblasts were incubated for 3 h, insulin stimulated lactic acid production.
This effect was maximal (1.6-fold) at concentrations above 250 ng/ml. The half-maximal dose was 50 ng/ml (Fig . The time courses of lactic acid production are depicted in Fig. 2 . Lactic acid produced both in the presence and absence of insulin (500 ng/ml) almost linearly increased with incubation time up to 4 h ( Fig.2A) . Insulin stimulation of the production appeared in the first hour of incubation (1.81-fold) and was slightly augmented afterward (2.11-to 2.13-fold). To examine the effect of prolonged exposure of fibroblasts to insulin, the cells were pretreated in the serumstarved medium containing 600 ng/ml of insulin for 24 h, and then incubated with or without 500 ng/ml of insulin for 1-4 h (Fig. 2B ). Time courses of lactic acid production by insulin-pretreated cells both in the presence and absence of insulin were quite similar to those shown in Fig. 2A , indicating that 24-h insulin pretreatment of cells had no effect on lactic acid production. Insulin degradation, determined by measuring trichloroacetic acid-unprecipitable radioactivity in the medium, was about 10 % and 50% in 4 h and 24 h, respectively. These findings indicate that the stimulatory effect of insulin on lactic acid production disappeared immediately after removing insulin from the medium and was not enhanced by prolonged exposure for 24 h or more.
To study whether glycolysis stimulated by insulin bore some relation to glucose transport through cell membrane, the effects of inhibitors of glucose transport on lactic acid production were examined (Table 1) . Phloridzin at 1-3 mM, a competitive inhibitor of sugar transport, added to the incubation medium significantly decreased lactic acid produced in 3 h (p <0.05 at 1 mM and p <0.001 at 3 mM) both with and without insulin. This inhibition was proportional to the concentration.
However, insulin stimulation still remained at any concentration of phloridzin. The addition of 0.1-0.25 mM parahydroxymercuri- benzoate (PHMB), which inactivates facilitated glucose transport (Renner, Plagemann and Bernlohr, 1972) , significantly decreased lactic acid production (p <0.005 at 0.1 mM and p<0.001 at 0.25 mM) only in the presence of insulin, while the addition of 0.5 mM PHMB significantly decreased the production both with and without insulin (p <0.001). Dose responses of lactic acid production to EGF and insulin are shown in Table 2 . One ng/ml of EGF but not insulin significantly increased lactic acid production. EGF at 100 ng/ml or higher exhibited maximal stimulation, which was not significantly greater than that by 1,000 ng/ml of insulin. Table 3 shows the effect of PHMB on EGF stimulation of lactic acid production. PHMB at 0.1 mM significantly decreased the production only in the presence of EGF (p < 0.005), and at 0.3 mM both in the presence and absence of EGF (p<0.001).
Activities of enzymes in the glycolytic pathway Serum-starved cells in 100-mm dishes were incubated for 3 h in serum-free DMEM (glucose concentration, 100 mg/dl) with or without 970 ng/ml of insulin. The activities of HK, PFK and PK, the regulatory enzymes in the glycolytic pathway, in soluble fraction of homogenates of cells are shown in Table 4 . HK activities (Vmax) in extracts of cells treated with and without insulin were 6.32 and 6.35 mU/mg protein, respec- Enzyme activities were determined as described under "Materials and Methods" . Insulin concentration was 970 ng/ml. Values are averages of the results from two experiments . Percent of the maximal activity is given in parentheses . tively. PFK activity (Vmax) was not increased by exposure of the cells to insulin. When PFK activity was determined at a suboptimal concentration of F6P, the rate to the maximal activity of PFK was not changed by insulin exposure, either. Similar to PFK, PK activity (Vmax) or percent of the maximal activity was not altered by insulin (Table 4) , indicating no change in the substrate affinities of these two enzymes. As the influence of allosteric effectors of PFK is diminished under standard assay conditions at alkaline pH, kinetic analyses of PFK were carried out at low and neutral pH as well as high pH (Table 5) . PFK activity at 1 mM F6P of the extract of cells exposed to insulin for 3 h was 1.09-to 1.18-fold of the activity of the extract of nontreated cells. By the analysis of the Lineweaver-Burk plot, the Km for F6P in insulin-treated extract was nearly equal at all pH tested to that in non-treated extract ; it was 0.4 mM at pH 6.9, 0.1 mM at pH 7.4 and 0.06 mM at pH 8.1.
Even when the glucose concentration in a test medium used in experiments on the activities of glycolytic enzymes was physiological (100 mg/dl), insulin also increased lactic acid production by 65%.
Discussion
This report describes the effect of insulin on the production of lactic acid and three key enzyme activities in the glycolytic pathway in cultured 3T3 fibroblasts. As lactic acid is primarily the end product of glucose metabolism in cultured fibroblasts (Cristofalo an Kritchevsky, 1965) , the increased production of lactic acid by insulin and EGF observed in the present study denotes stimulation of glycolysis. To analyze the mechanisms of their actions in the stimulation of glycolysis in quiescent 3T3 fibroblasts, we examined the effects of inhibitors of glucose transport and prolonged exposure of cells to insulin on the production of lactic acid, and the effect of insulin on the activities of key glycolytic enzymes.
Both phloridzin and PHMB exhibited an inhibitory effect on lactic acid production (Table 1 and 3) . However, their modes of inhibition would not be the same. The addition of phloridzin to the incubation medium decreased lactic acid produced by cells both in the presence and absence of insulin. Although the decrease in the production was proportional to the concentration of phloridzin, insulin still stimulated glycolysis at any concentration of the inhibitor. As phloridzin competes with glucose in the transport through cell membrane, it seems reasonable to conclude that insulin stimulation of glycolysis was not eliminated by phloridzin if insulin enhances glucose entry by increasing carrier protein in 3T3 cells. The precise relationship, however, between glycolysis and glucose transport in the presence of insulin in 3T3 fibroblasts remains to be clarified.
As shown in Table 1 , PHMB at 0.25 mM or less reduced only the insulin-increased portion of lactic acid production, while 0.5 mM PHMB decreased the production both with and without insulin. These results may imply that relatively low concentrations of PHMB selectively erase the effect of insulin at the site of insulin action and that a higher concentration of PHMB also exerts its effect at a site other than that of insulin action. From the fact that PHMB inactivates not only facilitated glucose transport (Renner, Plagemann and Bernlohr, 1972) but also some sulfhydryl enzymes, two possible sites of insulin action, glucose transport and sulfhydryl enzyme(s) in glycolysis, are proposed. However, the exact site of insulin action and the mechanism of PHMB interference in insulin action could not be determined from the results of the present study.
The molecular weight of EGF is 6,045 and nearly equal to that of insulin. Though EGF was more potent than insulin, in a minimally effective concentration, in increasing lactic acid production (1 ng/ml with EGF and 10 ng/ml with insulin), the maximal stimulation by EGF was not significantly different from that by insulin (Table 2) . From the experiment using PHMB (Table  3) , the site and the mode of EGF action in 3T3 cells appear to be analogous to those of insulin action.
No activation of key glycolytic enzymes including PFK in cell extract by insulin et al.
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Japon of some glycolytic enzymes were observed in transformed cells (Bissell, 1976 ; Singh et al., 1974) . In such a case, it could not be easily determined which is more regulatory in glucose metabolism. In untransformed 3T3 cells, however , our findings suggest that glucose entry rather than the PFK step is rate-limiting in the glycolytic pathway, and that insulin stimulation of glycolysis is mediated by increased glucose entry, though direct measurement of glucose transport was not performed .
